One heat-modifiable protein ofEscherichia coli outer membrane does not completely change to the high-temperature form in the presence of magnesium ion in sodium dodecyl sulfate solution. When the metal ion complexing reagents ethylenediaminetetraacetic acid, phosphate ion, hydroxyl ion, or the competitive cations Zn2+ or Ca2+ are added to the sodium dodecyl sulfate-solubilized sample of outer membrane, and then the sample is heated to 1000C and recooled to room temperature, the protein is almost completely converted to the high-temperature form. In control samples, or if sodium chloride, magnesium chloride, or manganous chloride are added to these samples and treated the same way, a large amount of the low-temperature form of the protein is preserved. f8-Mercaptoethanol additions gave the same results as the metal ion complexing reagents and may owe its activity in these solutions to metalbinding activity and not to its role as a reducing reagent. We concluded that magnesium ion may be involved with stabilization of the low-temperature form of the protein either by directly binding the magnesium or by mediating interaction with other components of the membrane.
One of the major outer-membrane proteins of Escherichia coli has two stable forms in sodium dodecyl sulfate (SDS) solutions at room temperature (6, 14, 17, 18) . This protein is variously referred to as d (11) , II* (9), 3a (18) , B (17), or 0-10 (14) . (We suggest reading the appendix to the recent paper by Bassford et al. [2] to help clarify the nomenclature system.) One form of this protein has an apparent molecular weight of 28,000 to 29,000, as determined from SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The second form can be generated from the first by raising the temperature of the solution and then returning the solution to room temperature. When the heated sample is examined by SDS-PAGE, most but never quite all of this protein migrates with a molecular weight of 33,000 to 35,000. It is untenable to believe that a protein should have two different molecular weights; therefore, the behavior of this protein must be explained in terms of two different stable conformational states in SDS solution. Studies have been done to demonstrate that this is the case (14, 17) .
This protein is regarded by many as having receptor activity for the F-pilus during conjugation (12) . Several mutants of E. coli have been isolated that lack this protein in the outer membrane (5, 9, 12) ; and these strains lack recipient ability. This correlation between one protein and one function may be simplistic, however, since donor strains of E. coli also contain large amounts of the protein as well. If, indeed, this protein is the receptor for the F-pilus, there must be some controlling mechanism. An earlier study by one of us with zinc ions (16) tended to indicate that metal ions could be involved with such a mechanism. In the present study, we will demonstrate that the heat-modifiable protein, which may be the receptor protein, is subject to the influence of a metal ion; and, in this case, the metal ion is the magnesium ion.
MATERIALS AND METHODS Bacteria. E. coli K-12 F-W1-3 strain (16) (our laboratory stock, originally obtained from J. Tomizawa; 20) was used in all experiments. The bacteria were grown in Lugtenberg minimal broth (11) to between mid-and late-log phase and harvested by centrifugation at 10,000 x g for 5 min.
Outer membrane fraction. The outer membrane fractions were isolated by the Osborn modification (15) of the Miuka and Mizushima technique (13) .
The final preparation of outer membrane was washed and suspended in double-distilled water.
SDS-PAGE. All of the reagents for preparing and running the SDS-PAGE were.obtained from Bio-Rad Laboratories and were prepared by using 314 on July 6, 2017 by guest http://jb.asm.org/ Downloaded from the method of Lugtenberg et al. (11) . The Lugtenberg method was chosen for two reasons. First, this method has the ability to resolve the various outer membrane proteins better than the Ames (1) technique. Second, a tris(hydroxymethyl)aminomethane (Tris)-buffered system was deemed more suitable than a phosphate-buffered system for studying metal ions (7) . Only the solubilization procedure was changed from this technique, and the ingredients were as follows: 25 The slab gels were 14 cm wide and 0.125 cm thick. The running gel was 14 cm long. The stacking gel was prepared so as to give a 1-cm distance from the well bottom to the top of the running gel. The SDS-PAGE was run at 25 mA constant current at room temperature until the bromophenol blue dye band reached 2 to 1.5 cm from the bottom of the gel. The migration of the dye band and the length of the gel were measured from the bottom of the wells, and then the gel was stained with Coomassie brilliant blue R-250. After destaining the gels, the protein bands and gel length were measured from the well bottom. Rd values were calculated according to the formula of Weber and Osborn (22) (22) . We have decided to call this form of the protein d* to fit with the Lugtenberg nomenclature. The Rd 0.69 material usually was estimated to be only 60 to 90% of the total d protein observable for heated samples of the same preparation ( Table 1) . The "washboard" smear appeared as a series of equally spaced peaks. These peaks suggest a dynamically generated pattern of protein-protein-type interaction after the manner studied by J. R. Cann (3); however, protein-peptidoglycan interactions may also be present.
(ii) Heated samples. The SDS-PAGE pattern of outer membrane samples heated to 100°C for 5 min are quite different from the samples allowed to remain at room temperature. The typical bands attributed to the major outer membrane proteins are present in heated samples (11) . The a band (Rd = 0.56), usually small, composed 2.5% of the four major outer membrane proteins. The b (Rd = 0.58) and c (Rd = 0.59) bands were present, but on these moderately loaded (10 jug) samples, they were sometimes poorly resolved ( Fig. 1, 2 Since the III band is at the position expected for the type 1 pili, we isolated a sample of pili after the manner employed in Charles C. Brinton's laboratory at the University of Pittsburgh. The pili were sheared off the bacteria in a blender, and, after pelleting out the bacteria, magnesium sulfate was added to the supernatant solution to salt out the pili as paracrys- 0.62 (34,000 daltons). When an optical density scan was made of the SDS-PAGE, the amounts (peak areas) of a, b, and c proteins remained fairly constant when equal amounts of sample from the same preparation were applied to the gel. The amount of d protein, however, was only constant if the area of the peaks at 0.69 Rd and 0.62 Rd were summed. Table 2 shows the data as analyzed from the optical density scans. Because the b and c peaks are not well resolved in any of the gels, they were considered as one peak in these calculations, although close examination of the slab gel (Fig. 1) 4.4 fidence span for mean a Data were derived from optical density scans of the gel of Fig. 1 for which samples from the same stock of outer membrane were used, and reagents were carefully added to avoid dilution errors in digestive procedures. These data are intended to be illustrative rather than definitive. We recognize the limitations of scanning Coomassie brilliant blue gels, such as variation of binding of Coomassie brilliant blue by the proteins; however, since we loaded equal concentrations of the same protein preparation onto the same slab gel, we have assumed equal uptake by any one particular protein. The reasonable closeness of the areas measured for proteins a, b, and c would seem to justify this approach.
b The b and c peaks were not well resolved and so were considered as one peak. e Conversion to percentage was done to normalize the data and thus correct uncontrollable errors such as small dilution errors and nonuniform spreading during electrophoresis.
blance of mercaptoethanol to hydrogen sulfide and thioglycolate, both of which bind metal ions strongly, was noted. Also, there is some evidence for binding of metal ions by mercaptoethanol (4) . The large concentration of mercaptoethanol (ca. Preparations of outer membranes from bacteria grown in magnesium-poor media occasionally lacked the 0.69 Rd band in heated neutral Tris-buffered samples. In this case, the 0.69 Rd band could be elicited by direct addition of 0.1 M magnesium chloride or 0.1 M manganous chloride to the membrane sample. These samples, however, still yielded the 0.69 Rd band when the applied sample was not heated.
Atomic absorption. Atomic absorption analysis for magnesium was carried out on whole membrane fractions, and for the fractions used in these experiments, there was an average of 0.0028 M concentration in the sample. This was equivalent to 0. The metal salts can also be looked upon in terms of a Hofmeister series for the denaturation of proteins. This series has been empirically established for many reactions in aqueous .olution and is believed to derive from changes in solvent structure (8) . Table 1 indicates that a possible scheme is 0.3 M NaCl > 0.1 M MgCl2 > 0.05 M sodium phosphate > 0.1 M CaCl2 and 0.1 M ZnSO, for capability of preserving protein d*. The series Na+ > Mg2+ > Ca2+ is well established for proteins and explains why NaCl promotes the greatest degree of preservation of d* at high temperatures (21) . There is one inconsistency in the series for d* and that is sodium phosphate, which is usually regarded as one of the most stabilizing salts in the series. This inconsistency fits with the cation binding noted previously. Magnesium and manganous ions were the only divalent cations tested that did not mediate the disappearance of the d* protein and could also be removed by the ion-binding reagents.
The evidence that magnesium ion is the responsible ion is-indirect, but there are other reasons to believe that it is responsible for generating the two forms of d in heated SDS samples. Magnesium ion is the most common divalent cation in bacterial fractions and is present in these isolated membrane fractions in a fairly high concentration of about 0.003 M, which is consistently near the lower limit of effectiveness of the magnesium ion-binding reagents at room temperature. Also, bacteria that have been grown in magnesium-poor media occasionally yield preparations of outer membranes that have markedly less d* protein when solubilized with only neutral Tris buffer, yet the d* protein can be observed after directly adding magnesium ion to the membranes before the solubilization procedure. Furthermore, manganous ion also offers a great deal of protection for the d* protein during the solubilization step. Excellent studies by Silver and Clark (19) have demonstrated that manganese competitively interferes with magnesium transport in E. coli. Therefore, manganous ion may have a similar interaction with the d* protein.
Since these experiments were performed with 2% SDS solutions, the relevancy of these results to the "native" protein form is certain to be questioned. There are indications that this protein in SDS retains much of its "native" form. The first is that the unheated protein has a different mobility than the heated (and, therefore, presumably denatured) protein. The second is that Nakamura and Mizushima (14) and Reithmeier and Bragg (17) have been able to purify this protein without heating and have shown that a high degree of a-structuring remains in the unheated protein while in SDS solution. This is not normally observed for proteins under these conditions. Reithmeier and Bragg have also shown that the heat-modified form is more susceptible to digestion by Pronase in SDS than the low-temperature form. This behavior would be consistent with the location of the protein in the outer membrane, where some resistance to proteolytic enzymes would be expected. The use of a detergent is necessary in the study of hydrophobic membrane proteins because of the lack of other suitable solubilization techniques, but this protein seems to retain some of its expected "native" characteristics.
One possible scenario for explaining this phenomenon due to the magnesium ion would be as follows. When outer membranes are added to an SDS solution, the d protein is released in its 0.69 Rd form. At room temperature, this protein has magnesium ion bound or inaccessible to the solvent, and the protein retains a great deal of its "native" form even in SDS solution. However, when this protein solution is heated to 100°C, the protein becomes unfolded and the magnesium ion then becomes available to the solvent. The protein, however, does not lose all of its divalent cation-binding capacity, and when the mixture has cooled, magnesium is retained by the protein. If reagents capable of binding free magnesium ions from solution are added to the heated mixture, the protein upon cooling has fewer magnesium ions bound and the conformation or charge of the prqtein is altered to the slower-moving form. Adding divalent cations such as calcium or zinc to the heated protein, which evidently loses its specificity for magnesium ion at elevated temperatures, allows these ions to compete for the site and replace magnesium. Upon returning the solution to room temperature, the ions replacing magnesium are not suited to maintaining the magnesium-stabilized structure, and the protein becomes denatured.
An alternati've scenario is that another membrane component, closely associated with the d* protein, is either magnesium dependent or bound to the d* protein via the magnesium ion. In this case, the various treatments would change the degree of interaction of the other component with the d* protein in much the same manner.
These experiments add to the ever-growing catalog of artifacts influencing the behavior of membrane protein migrations during SDS-PAGE. In particular, the fact that a single 
